A study of the regulation of the synthesis of the enzyme glutamine synthase in Bacillus subtilis was initiated. An assay, based on the measurement of glutamohydroxamate, was used to characterize the enzyme in crude preparations and in toluene-treated cells. Determinations were made of the Michaelis constants for adenosine triphosphate, hydroxylamine, and glutamate (9 X 10-, 4 X 10-8, and 2.2 x 10-2 M, respectively), the pH optimum (7.6 to 7.7), and the stability. The differential rate of synthesis was determined under various growth conditions. The enzyme was found to be relatively insensitive to regulation. Crude extracts were prepared by passing a 20% suspension of thawed cells in TME buffer through a French pressure cell at 16,000 psi. After cell debris was removed by centrifugation at 27,000 X g for 30 min, the supernatant fluid was assayed for enzyme. Crude enzyme preparations were found to be unstable unless the extracts were obtained in the manner described. Freezing of crude extracts in liquid nitrogen caused drastic loss of activity. Studies on the stability of such preparations are summarized in Table 1 .
A study of the regulation of the synthesis of the enzyme glutamine synthase in Bacillus subtilis was initiated. An assay, based on the measurement of glutamohydroxamate, was used to characterize the enzyme in crude preparations and in toluene-treated cells. Determinations were made of the Michaelis constants for adenosine triphosphate, hydroxylamine, and glutamate (9 X 10-, 4 X 10-8, and 2.2 x 10-2 M, respectively), the pH optimum (7.6 to 7.7), and the stability. The differential rate of synthesis was determined under various growth conditions. The enzyme was found to be relatively insensitive to regulation. Partial repression was caused by glutamine, arginine, asparagine, and glutamate, or by carbon limitation in a chemostat. Derepression was caused by exhaustion of externally added amino acids or by nitrogen limitation in a chemostat.
The enzyme glutamine synthase (L-glutamate:ammonia ligase) catalyzes a reaction in which ammonia is converted to organic nitrogen. This reaction is of the utmost importance for microorganisms because of its central role in supplying nitrogen for many biosynthetic processes. Preliminary studies by Woolfolk et al. (17) , Mecke and Holzer (8) , and Wu and Yuan (19) have established that growth of Escherichia coli in the presence of ammonia causes repression of glutamine synthase. The overall decrease in specific activity of the enzyme in the presence of ammonia appears to be caused by two control mechanisms. Superimposed on a mechanism controlling the rate of enzyme synthesis is a mechanism which controls the activity of the enzyme by adenylylation (7, 9) . Wu and Yuan (19) Crude extracts were prepared by passing a 20% suspension of thawed cells in TME buffer through a French pressure cell at 16,000 psi. After cell debris was removed by centrifugation at 27,000 X g for 30 min, the supernatant fluid was assayed for enzyme. Crude enzyme preparations were found to be unstable unless the extracts were obtained in the manner described. Freezing of crude extracts in liquid nitrogen caused drastic loss of activity. Studies on the stability of such preparations are summarized in Table 1 .
Preparation of toluene-treated cells. All repression studies were carried out with toluene-treated cells as a source of enzyme. These cells were prepared by thawing frozen cell pellets in TME buffer, adding 0.1 volume of toluene, and incubating the mixtures with slow shaking at 37 C for 30 min. Cells were centrifuged, and the pellet was resuspended in TME. This suspension was used as the enzyme.
Enzyme assay. Enzyme activity was determined by the hydroxamate method of Elliott (3 Table 2 .
Repressibility studies in a chemostat (11) were carried out with the flow rate adjusted to give a generation time of about 4 hr. Cells were permitted to grow for 24 hr before they were harvested for enzyme assay. Reservoir concentrations of limiting nutrient were chosen to give a cell density of not more than 1.5 X 108 cells per ml.
Starvation experiments. Experiments designed to assess the stability of glutamine synthase were carried out in the presence of 100 Ag of chloramphenicol per ml. Cells were washed in deficient medium, resuspended in deficient medium, and preincubated for about 20 min. Chloramphenicol was added at zero time, and samples were taken periodically for enzyme and protein analysis. Similar experiments involving the incubation of cells in complete medium plus chloramphenicol were also carried out.
RESULTS
Glutamine participates in the synthesis of a number of amino acids, purines, vitamins, and cell wall constituents such as glucosamine. It therefore seemed likely that some of these metabolites might be effective in regulating the synthesis of glutamine synthase (8, 17, 19) . A series of preliminary experiments were carried out to determine the effects of these various metabolites on the rate of synthesis of the enzyme by B. subtilis 168 wild type.
Effect of various metabolites on differential rate of synthesis. Addition of various combinations of amino acids to minimal medium did not depress the differential rate of synthesis by more than 72% of that in unsupplemented minimal medium (Table 2) . Only certain amino acids had an effect on the differential rate of synthesis of glutamine synthase. Asparagine, glutamine, arginine, and, to a lesser extent, glutamate were effective. When all four of these were used simultaneously, a 64% decrease in the differential rate of synthesis was apparent. It should be mentioned that the four amino acids which caused repression are able to serve as sole nitrogen source for this strain of B. subtilis. It was therefore conceivable that the repression was caused by degradation of these amino acids with concomitant formation of ammonia, and that ammonia was the co-repressor. Evidence bearing on this point was obtained by using each of the amino acids as the sole nitrogen source at a concentration such that the total nitrogen added was equal to or lower than the highest concentration of ammonia (0.03 M) shown in Table 2 . If repression over and above that obtained with 0.03 M ammonia occurred, it would prove that the amino acids, rather than ammonia, cause repression. The data presented in Fig. 1 show that either glutamine or arginine, when used as sole nitrogen source, depressed the differential rate of enzyme synthesis as compared with that in minimal medium.
A continuation of this approach involved attempts to induce derepression of the enzyme. Growth on minimal medium containing a limiting amount of casein hydrolysate is shown in Fig. 2 . The initial growth rate was characterized by a doubling time of 40 min (Fig. 2) , as compared with 70 min for minimal medium. The exhaustion were exhausted. The rate of enzyme synthesis appeared to remain constant for another 30 min and then slowly decreased until it ceased altogether about 2 hr after growth had stopped. Both of these experiments are shown in the form of differential plots in Fig. 4 . It is apparent that, in the presence or absence of ammonia, the differential rate of synthesis increased prior to the decrease in growth rate brought on by exhaustion of components of the casein hydrolysate. In the presence of ammonia (Fig. 4A) , however, the increased rate of enzyme synthesis occurred as a function of time as well as of growth (protein).
The inability of ammonia to prevent this increase in the differential rate of synthesis demonstrates that, at least under these circumstances, ammonia does not repress. This point will be considered again later.
Differential rate of synthesis of glutamine synthase in a chemostat. In view of our inability to obtain any drastic changes in the specific activity of the enzyme, it was decided to impose severe restrictions on the availability of various elements. Cells were maintained in a steady state in a chemostat with nitrogen or carbon limitation. Nitrogen limitation induced a 2.5-fold derepression, whereas carbon limitation induced a 70% repression as compared with unrestricted growth in minimal medium (Table 3) .
Nature of the derepression of glutamine synthase. An increase in the differential rate of synthesis of an enzyme can arise from a change in any one of four parameters: (i) the absolute rate of synthesis (Fig. 5 and 6 ). The enzyme appeared to be in complete medium, but under nitrogen c bon depletion it began to decay slowly aftei At 2 hr, 20%C of the activity had disappeare( finding that the enzyme was stable for al 1 hr, coupled with the observation shown i 2 that the rate of enzyme synthesis increase function of time, permitted the conclusion the increase in the differential rate of syr (Fig. 4A) resulted primarily from an inc rate of synthesis of the enzyme vis-'a-vis protein and not from a decreased rate of e degradation or an increased rate of p degradation.
DISCUSSION
The synthesis of glutamine synthase was found to be relatively insensitive to regulation. The maximal range of enzyme levels observed was 2, five-to sixfold, and under no circumstances were we able to eliminate specifically and completely the synthesis of the enzyme. Many enzymes of this type have been described in the literature, but 0ooo E little is known of the mechanisms governing their 0 synthesis. These mechanisms behave differently S from those responsible for the synthesis of fully 600D! repressible enzymes (14) (15) (16) . # Repression appears to be a function of the 400 amino acids arginine, glutamine, glutamic acid, and asparagine. Ammonia does not appear to play a direct role in repression.
Alterations ammonia, however, the derepression was followed by a severe transient repression (Fig. 2) . It may be supposed that early in the growth period the casein hydrolysate repressed the enzymes of the biosynthetic pathway, and that exhaustion of the casein hydrolysate resulted in a transient depletion of the amino acid pools until the enzymes involved in amino acid biosynthesis were replenished. This would account for the derepression. The free glutamine pool of B. subtilis is undetectable (6, 12) . This observation, coupled with the high Km value which we observed for glutamic acid, suggests that the formation of glutamine is very nearly if not fully rate-limiting. It is of interest that the probability of sporulation is increased under conditions of nitrogen limitation (2, 5) . It may well be that depletion of the glutamine pool triggers sporulation.
A final word is in order concerning the possibility of control by adenylylation (7, 9) . We have not yet tested for this mechanism of control in B. subtilis, but a recent publication (4) reported that it does not exist in B. subtilis.
